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Abstract: Indigenous people from the American continent, or Native Americans, are underrepre-
sented in the collective genomic knowledge. A minimal percentage of individuals in international
databases belong to these important minority groups. Yet, the study of native American genomics is
a growing field. In this work, we reviewed 56 scientific publications where ancient or contemporary
DNA of Native Americans across the continent was studied by array, whole-exome, or whole-genome
technologies. In total, 13,706 native Americans have been studied with genomic technologies, of
which 1292 provided whole genome samples. Data availability is lacking, with barely 3.6% of the
contemporary samples clearly accessible for further studies; in striking contrast, 96.3% of the ancient
samples are publicly available. We compiled census data on the home countries and found that
607 indigenous groups are still missing representation in genomic datasets. By analyzing authorship
of the published works, we found that there is a need for more involvement of the home countries as
leads in indigenous genomic studies. We provide this review to aid in the design of future studies
that aim to reduce the missing diversity of indigenous Americans.

Keywords: Native American; whole-genome sequencing; population genomics; data availability

1. Introduction

In 2021, humanity celebrated 20 years since the publication of the first draft of the
human genome [1], a document that gave rise to an era of self-exploration for our species
at a molecular level. That human genome draft, thoroughly refined up to its most recent
version [2], is still being used as the reference against which we compare genomic sequences
from other individuals to detect genomic variations. However, one single genomic refer-
ence will not be enough to understand the whole human species; therefore, the complete
sequences of a large number of individuals from different ancestries are required to better
represent the human genomic variability [3].

The promise of genomic medicine, understood as the ability to provide personalized
diagnosis and treatment for each patient, is based on an exhaustive study of human genomic
variation. Genomic technologies such as array genotyping, exome sequencing, and whole-
genome sequencing have allowed the study of this variation at a global scale [4,5], mainly
by finding and cataloging single-nucleotide polymorphisms (SNPs) and more complex
structural variations (SVs) [6] on DNA. However, most of the studies have focused on
describing population genomics in high-income countries, leaving a gap in the potential
understanding of the genomics underlying health and disease processes in the rest of the
world. The underrepresentation of non-European populations in genomic science has been
well documented and is a current topic of discussion [7–10]. Less than 1% of individuals
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included in Genome-Wide Studies (or GWAS, which are studies aimed to find statistical
relationships between traits and genomic variation) have indigenous or Native American
(NatAm) ancestry [10]. Genomic studies of underrepresented people provide potential
benefits for these populations, i.e., healthcare applications and policy making, or even
anthropological information derived from genomics. For example, a genomic study found
a genetic variant associated with higher risk of arrhythmia and sudden cardiac death in
the Gitxsan First Nation of Canada, followed by improved diagnosis and medical care for
those affected [11]; in New Zealand, a study including the Ngāti Porou tribe identified
associations between variants and gout disease, providing scientific evidence to improve
diagnosis and treatment [11]; and in Mexico, genomic studies helped to promote the official
recognition of the Afro-Mexican people, as evidenced by the inclusion of the option to
self-identify as “Afro-Mexican” in the national population census conducted periodically
by the government [12].

Latin America (LatAm) is home to diverse groups of genomically underrepresented
NatAm ancestries (Figure 1), but LatAm population genomic studies have been sparse. This
may be due to the fact that many of the LatAm countries face low funding for ambitious
projects, and limited technical capabilities for locally analyzing genomic data (i.e., human
resources and access to high-throughput hardware or cloud computing required for massive
data processing). Still, LatAm has been the source for a modest amount of population genomic
data generated either by local projects or as part of international efforts with global scopes.

Figure 1. Native American home countries and the missing diversity. (A) The map highlights the
indigenous population distribution across the continent, with labels on the countries with NatAm pop-
ulations of over one million (Canada, USA, Mexico, Guatemala, Colombia, Peru, Bolivia, and Chile);
color in the map indicates the number of Native American habitants in each country. (B) The heatmap
shows the number of indigenous groups that do not have representation in genomic databases; these
were found by cross-referencing census data with ethnicities reported in the published genomic
studies included in this review.

Even if genomic data from NatAms are scarce and scattered, they exist, and genomic
researchers (especially those in budget-constrained LatAm countries) can leverage one
important property of data: when gathered, they grow. Thus, it is important to have a
compendium of every research effort for genotyping or sequencing NatAm populations
thus far. This information can become a solid reference for researchers aiming to complete
the genomic landscape of underrepresented groups, for example by letting the researcher
know which of the NatAm groups are already represented in population genomics, and
which have very few or no individuals studied at all.

In this review, we compiled published studies for high-throughput genotyping and/or
sequencing projects that included individuals reported as representatives of NatAms. We
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classified the studies according to the genomic technology used (array, exome, or whole
genome) and the data availability of each project (public or private). The NatAm studies
under review included contemporary (or modern) individuals identified as members or
descendants of particular ethnic groups, and/or ancient remains of individuals related
to NatAm. We summarized the NatAm groups that have been included in the compiled
studies, allowing us to determine which other groups are still in need of representation
(Figure 1).

2. A Summary of Native American Populations

Evidence suggests that ancestors entered America by different routes and at different
times during the peopling of the continent [13–17]. The most accepted theory of NatAm
settlement began in the late Pleistocene with the migration of human ancestors from north-
eastern Asia into the American continent through the Bering land bridge approximately
~23 ka (thousand years ago) [18]. These first Americans spread widely through the conti-
nent following a north to south axis [15,18], settling into different regions and groups. Over
the course of millennia, the descendants of these first travelers experienced various degrees
of genetic and cultural admixture, divergence, isolation, and environmental adaptations,
giving rise to the ancient cultures of the American continent [14,15,19]. It is worth clarifying
that the NatAm term we use in this review is defined as an individual who inhabited
the American continent before the arrival of European conquerors, but also an individual
belonging to a modern native/indigenous community [20] descendant of pre-conquest
native groups.

Currently, the American continent can be classified in two great regions: North Amer-
ica and Latin America and the Caribbean, with 55 countries distributed across these
regions [21]. These countries are home to diverse NatAm groups. Official census informa-
tion about these groups may be up to date or scarce depending on the home country. We
compiled government and third-party census information about contemporary NatAm
groups and found that there are an estimated 37,036,134 contemporaneous NatAm people
(Supplementary Table S1) [22–48]. Countries with the highest NatAm populations are Mex-
ico (~7.3 million), Guatemala (~6.5 million), Peru (~5.7 million), and Bolivia (~4.1 million).
Meanwhile, regarding group diversity, the USA, Brazil, and Colombia are home to more
than 100 different NatAm groups each. Many of the NatAm groups remain unrepresented,
or missing, in modern genomics (Figure 1).

3. The Technology behind Population Genomics

The cost of DNA genotyping and sequencing have decreased thanks to the commercial
success and establishment of next-generation sequencing (NGS), thus changing the ways of
studying genetic diversity and human diseases [49]. Let us summarize some of the technical
and practical characteristics of the different technologies used for digitizing a human
genome, namely, whole-exome and whole-genome sequencing, and array genotyping.

Whole-exome sequencing (WES) provides sequence bits of the coding regions of the
genome. Although the coding region covers barely 1.5% of the genome, it includes up
to 85% of the genomic variants related to Mendelian diseases [50]. The fact that WES
can cover such a functional part of the genome can be leveraged for population genetics
to design studies focused on specific phenotypes, or to survey adaptation and selection
hypotheses [51]. Another technology known as whole-genome sequencing (WGS) provides
the sequence of the whole ~3 billion base pairs in a human genome (in contrast to the
region-constrained WES). The difference in sequencing yield (the “amount” of genomes
being sequenced) between WES and WGS also comes with a difference in price. In general,
given the same research budget, WES will be able to sequence more samples than WGS, but
WGS would cover the complete genome of each sample. Thus, the exome option may allow
us to ask specific genomic questions in more samples, while the whole genome captures the
complete picture, enabling the future broader use of data for times when we know more
about variation outside the reaches of the coding genome, or to analyze complex genomic
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rearrangements [52–54]. WGS also enables the analysis of otherwise overlooked regions of
the genome. For example, inferring the impact of variation in regulatory regions, such as those
identified by ENCODE [55], is still a complicated issue. Since there is not much knowledge
about regulatory variation (in contrast with coding variation), this becomes a cycle of the
unknown: WGS may not be performed because not much is known about those extra-coding
regions, and not much is known about those regions because it is mostly unexplored.

There is a third commonly used technique to genetically survey populations called
DNA array genotyping. DNA arrays are collections of probes anchored to a solid support
that test for the existence of thousands to millions of specific genetic variants in the sample
being probed [56]. If WGS sees the whole genome picture, and WES looks at ~1% of it,
then DNA arrays focus on very specific pixels in the picture. These key points usually
have proven importance as markers for ancestry, phenotype–genotype associations, or
biomarkers in general. DNA arrays can be considered low-cost in comparison to WES and
WGS, but one must keep in mind that arrays can only efficiently look at already known
interesting variants. DNA arrays are blind to novel and unknown variation. For the
study of populations previously underrepresented in genomic studies, using DNA array
technology for genotyping might not be the best strategy, since important variation may
occur in some populations while not in others [57].

DNA array, WES, and WGS are not mutually exclusive strategies. In fact, it is common
in population genomics to combine them as steps in large projects, or to use their specific
advantages as complementary information. Pilot studies with DNA arrays can be used
to assess the inclusion criteria for the more expensive WES or WGS [58]. Meanwhile,
WES and WGS could explore regional variation to reveal new markers that could improve
DNA array surveying of subsequent projects focused on specific phenotype–genotype
relationships [59]. This synergy between technologies can improve the collective knowledge
required, for example, to improve imputation strategies in genome-wide association studies
in specific populations [60,61].

Every one of the techniques briefly summarized has its pros and cons, but there seems
to be an increasing trend to use WGS for population sequencing projects. The promise of
personalized medicine pushes for the implementation of personal WGS as common clinical
practice in economies that can afford it [62], and there is clear acknowledgement of the
importance of collective whole-genome information in modern medicine and molecular
anthropology [63–68]. For all of the above, it is likely that WGS will be established as the
gold standard for NatAm population genomics in the near future.

4. To Sequence or Not to Sequence?

The genome in every NatAm is an important vessel for history. Native genomes
tell ancient stories but also enlighten the future of genomic science. Comparing genomes
from different native groups can help scientists infer the patterns of migration and other
demographic milestones that happened thousands of years ago during the peopling of the
continent [69]. Meanwhile, analyzing the presence of currently known biomarkers [59]
could potentially aid in future recommendations for better treatments and/or healthcare
policy making to improve medical services in the otherwise marginalized NatAm groups.

To access the biological information within the genome, we need to digitize it via
some of the three aforementioned genotyping technologies (array genotyping, WES, or
WGS). The first NatAm population genomic projects used array technology. Many years
later, although array technology is still a viable alternative, NGS is increasingly being used
in population sequencing projects. Since the differences between WES and WGS can be
simplified to scope and price, when population sequencing projects are designed, one of the
decisions that must be made is whether to sequence more samples by exome sequencing,
or fewer samples but with whole genome coverage. This is not a trivial question, more
so in developing economies, including most of the countries that are home to NatAm
groups. In these conditions, both answers are right, but only if the data produced are
meant to be shared or integrated in larger datasets, because genomic data are cumulative.
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Even a modest project sequencing 10 exomes, if executed right, can be an important
source of genomic diversity in the great scheme of science because future projects can
integrate those data with other sources. For example, increasing the number of publicly
available genomes can be used to improve variant imputation (an important step for precise
GWAS projects); simulations reported by Jiménez-Kauffman et al. [61] stablish that at least
3000 NatAm whole genomes would be required to equal imputation accuracy to that of
European descent populations. The increase in numbers should come with an increase
in the diversity, and the study of diverse individuals can help scientists identify regional
variation, such as the description of the D4h3 mitochondrial haplotype restricted to Pacific
coastal populations [15]. Since more data potentially means more knowledge of NatAm
genomics, molecular anthropology can also leverage cumulative genomic data to clarify
population divergence times, migration routes, and even the origin of ancestral remains.

5. Sequencing, by the Numbers

From the first published project in 2009, the number of works in NatAm genomics
has steadily increased, up to a total of 56 projects in early 2022 [4,61,70,71]. This is a good
trend towards closing the gap for underrepresented groups in modern genomics. Of all the
projects we reviewed, 26 included NatAm individuals in genotyping array-based studies,
while 11 projects used WES and 29 used WGS (Supplementary Table S2) [4,18,19,61,70–121].

All three genomic technologies are still being used in recent years. There seems to be an
increasing number of WGS projects being published; however, WES and array publications
usually involve larger cohorts. Thus, the increase in the number and frequency of works
comes along with a general increase in the number of studied individuals (Figure 2). To date,
a total of 13,706 NatAm individuals have been studied with these genomic technologies:
4009 with arrays, 8405 with WES, and 1292 with WGS. Regarding NatAm WGS (the one that
provides a broader picture of population genomics), the 1000 whole genomes studied mark
was reached in 2018. This means there are over 3,200,000,000,000 surveyed nucleotides
already published, painting the picture of the diversity and the story of the American
continent. Since most of this biological information has been analyzed by independent (not
directly related) projects, we insist that the long-term transcendence and importance of
these data relies on their availability.

Figure 2. The history of NatAm genomics. (A) Projects across time. (B) Total increase in the number
of NatAm individuals included in genomic studies. (C) Dynamics in NatAm data sharing. Only
1077 of the digital samples generated in NatAm genomic projects are readily available, with varying
shares of availability by technology used (array, WES or WGS).

6. About Data Availability and the Missing NatAm Groups

NatAm genomics as a field struggles to provide an accessible source of data, as shown
by our analysis of data availability in the reviewed works (Figure 2). We followed the
provided links for data acquisition in the published manuscripts and tagged each sample as
available or not available (Supplementary Table S3). An “available” sample provides direct
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information or links to download sequencing files through established repositories such as
the SRA (Sequence Read Archive), ENA (European Nucleotide Archive), or similar, while a
“not available” sample does not provide a download link or direct and clear information
as to how to access the data. Samples “available upon request” were marked as “not
available”. We analyzed the accumulated share of studied individuals and found that as of
2021, only 14% of array samples are available; for WES, there is only 0.9%, and for WGS,
the available share is 23.4% (Figure 2). To date, 489 of the studied individuals are ancient
samples, and 13,217 are contemporary. Strikingly, 96.3% of the ancient samples provide
directly available data, in contrast with only 3.6% of the modern samples (Figure 3).

Projects with data available upon request provide different types of agreements. Some
provide signable premade forms while others provide only the email for contact. Most of
the researchers listed as contacts for requesting access remain adscripted to the institution
that led the project; this ensures a continuity in the responsibility of data keeping at both
personal and institutional levels.

As better discussed elsewhere [122,123], data sharing upon request may not be the best
strategy, since it hinders the growth of genomics as a research field in developing countries.
“Available upon request” may become a vague term and a burden for both parties involved
because data keepers have extra work in managing requests, and requesters may be left
guessing what the exact terms and conditions are to avoid rejection. The caution behind
availability upon request can be understood because most of the NatAm groups in these
studies are marginalized people who must not be aggravated by improper use or interpre-
tation of their genomic context [124]; however, communication and collaboration between
experts (not only in genomics, but also in legal, cultural, and anthropological matters) could
find a secure, respectful way to make these data open for future researchers. Controlled
access sharing in genomic repositories provides a good opportunity for open access of de-
identified data in organized automated databases [122]. For example, Jiménez-Kaufmann
et al. [61] recently provided NatAm genomic data through the European Genome-Phenome
Archive (EGA) repository, with a Data Access Committee keeping access permissions;
the requester is asked to compromise that data will be used only for genetic studies in
non-commercial endeavors. In 2016, Mallick et al. [104] published NatAm data mixing
public genomes deposited at ENA and controlled access genomes safeguarded in EGA,
showing that combining access methods is possible when some informed consents allow
public sharing while others do not; in this case, the commitment letter also includes the
compromise that the requester will not re-distribute data or post them publicly. We invite
readers to learn more “about the rights and interests that Indigenous communities might have
in genomic data” as well as to find “several principles for sharing genomic data derived from
Indigenous communities” in the work of Hudson et al. [125]. For recommended guidelines to
study ancient DNA, we suggest the recent work of Alpaslan-Roodenberg et al. [126].

In total, 178 NatAm groups (contemporary and ancient) have been represented in
population genomics. Array technology has been used to survey 152 NatAm groups, WES
19 groups, and WGS 70 groups. The Pima, Maya, Inuit, Nahua, Rapa Nui, and Aymara are
among the most studied contemporary NatAm populations, while the Chumash, Dorset,
Aleutian, Pericues, Rapa Nui, and Kawéskar are among the most studied by ancient DNA
(Figure 3). In this review, we collected census data from the different countries that are home
to contemporary NatAm populations (Supplementary Table S4). By cross-referencing these
data with the genomic studies published, we found that currently, 607 NatAm groups are
still missing representation in the collective genomic archive (Figure 1, Supplementary Table
S5). Groups such as Tojolabals, Lacandons, and Seri are known for their distinctive variation
(such as high divergence shown by FST, and signals of isolation) [123], but there is only a
handful of genomic data available upon request. As we have insisted before, WGS provides
the complete genomic context of the studied population, and thus, future genomic endeavors
could greatly benefit from analyzing whole genomes in the missing NatAm populations.
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Figure 3. Overview of published NatAm genomic samples. (A,B) Ancient samples are a minimal
fraction of the total NatAm genomic samples, yet they are mostly available, in contrast with contem-
porary samples. (C) Some NatAm groups have been thoroughly studied; Pima (PIM), Maya (MAY),
and Inuit (INU) are some of the most studied contemporary groups, while Chumash (CHUM), Dorset
(DOR), and Aleutian (ALE) are among the most represented in ancient datasets. The homologated
codes and full name of the groups can be found in Supplementary Table S3.

In addition, we analyzed the country of origin for every research institution involved
in the reviewed projects (Supplementary Table S6) [4,18,19,61,70–121]. The USA, Denmark,
and Mexico led most of the projects (Figure 4). In the USA and Denmark, research groups
that led the works are interested in past and present human diversity in general and
have published several reports studying populations in different regions of the world, not
only NatAm; the expertise and leadership from these countries is somewhat expected.
The case for Mexico is interesting because in past years, the government and universi-
ties have invested in infrastructure and human capital for the development of regional
genomics [127]; our brief analysis of authorships may be showing that Mexican research
groups in population genomics have flourished as references in the field.
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Figure 4. Country involvement in NatAm population genomic research. There is a lack of representa-
tion of NatAm home countries as project leads.

If we compare Figure 4 with Figure 1, it becomes evident that many of the home
countries for the missing NatAm groups are also missing representation as leads in research
projects. This may be because in developing economies, advances in genomics are, most of
the time, perceived to be out of reach, both financially and logistically [128]. Yet, a question
remains: how do we better involve NatAm home countries in future NatAm genomics?

The answer may be far from simple because successful population genomics initia-
tives must consider the political will and institutional leadership of each country [127,129].
Political support is crucial to acquire funding to develop research studies [130], but re-
searchers must also make sure that political decision makers have realistic expectations of
the benefits and the timespan of genomic projects [129]. Lead researchers must also plan
strategies to raise public interest and, of utmost importance, to involve native communities
in the project [129]. LatAm home countries as project leads can benefit from international
collaborations by joining forces with more experienced developed countries, from which
they can receive knowledge, access to infrastructure, training, and open channels to rapidly
communicate findings [130].

7. Concluding Remarks

The study of NatAm genomics is a young field, but it has grown rapidly (Figure 2).
Researchers must adapt equally as fast to the challenges behind the ethics of population
genomic studies. The reasoning behind research projects must also include questions
about how they are important for NatAm communities [131]. It is important that NatAm
communities become actively involved in conversation and decision making about the
treatment of the genomic data and the reaches of the research behind the projects that
include them [132].

There are still hundreds of indigenous groups lacking genomic representation. Nine-
teen of these groups have reported populations of more than 100,000 people. If future
population sequencing projects would focus on these groups, the potential impact of the
genomic knowledge gained maybe would be far greater. Unfortunately, there is little
openness for data sharing in contemporary NatAm genomics. This can be understood
from an ethical point of view, since many of the indigenous groups in America still face
marginalization and alienation in their home countries, such that protection of the genomic
heritage and avoidance of future misuse of this information must always be a priority.
Future NatAm projects must carefully acknowledge the risks of collecting, handling, and
publishing data from indigenous populations, mainly to avoid repeating known mistakes
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such as the lack of informed consent for secondary use of genetic data (as was the case for
the Havasupai Tribe in Arizona, USA [133], and the Nuu-chah-nulth in British Columbia,
Canada [134]), or the inaccurate association of debatable specific phenotypes (as in the
negative representation in scientific publications of the “warrior gene” in the indigenous
Maori people of New Zealand [135]).

However, given the possibility to anonymize genomic data, and the existence of
public, well-established, and secure repositories such as SRA, ENA, and EGA, there might
be options to clearly share data without compromising the genomic security of indigenous
people. It is imperative to try and solve the issue of data sharing in NatAm genomics, since
much can be gained by gathering the efforts behind the projects we reviewed. As recently
shown [61], available data from multiple sources can be gathered to create a larger dataset
that better represents the NatAm genomic context.

Our study focused on bibliometrics and informatics, but we did not review the in-
formed consent behind every project. It may be worth deeply analyzing the reasons behind
the wall in non-public NatAm datasets and to try to coordinate efforts with the respective
corresponding authors to free and integrate the indigenous data in a collaborative effort,
without compromising the security and consent of the indigenous participants. Lastly,
there is a need for more involvement of LatAm countries in population genomic studies,
not only as collaborators but as lead institutions. A more direct involvement of the home
countries should also aim to improve the involvement of the indigenous communities, so
communities and home countries risk not becoming merely sample providers, but active
participants in the journey of collective genomic discovery. To aid in future projects aiming
to close the gap in these underrepresented NatAm groups, we provide the complete list of
missing groups as Supplementary Table S4.

8. Methods
8.1. Data Collection

We searched the PubMed search engine with the following terms. For WGS projects:
(((Native American whole-genome sequencing) OR Native American Ancient DNA))
NOT (whole exome sequencing)) NOT (genotyping arrays). For WES projects: (((Native
American whole exome sequencing) OR Native American Ancient DNA)) NOT (whole-
genome sequencing)) NOT (genotyping arrays). For array projects: (((Native American
genotyping arrays) OR Native American Ancient DNA genotyping arrays)) NOT (whole-
genome sequencing)) NOT (whole exome sequencing). Then, we used ResearchRabbit
(https://www.researchrabbit.ai/, accessed on 19 February 2022) to find papers similar to
our initial findings. Final inclusion criteria for papers included in the review are works that
used WGS, WES, or array analysis in NatAm; works including contemporary or ancient
NatAm samples; and works where data availability is reported.

8.2. Census Information on NatAm Home Countries

Census information on NatAm populations was sought for each home country
(Supplementary Table S4 provides all the sources and links used). When no official census
could be found, we used data from The Indigenous World 2021 [136].

8.3. Data Handling and Visualization

Data wrangling and visualization were performed in R, with several useful pack-
ages [137–152]. The code to reproduce every analysis and raw figures can be found as a R
markdown script in the following git repository: https://github.com/Iaguilaror/natam-
review, accessed on 24 March 2022, it includes a copy of the Supplementary Tables in
spreadsheet format.

Supplementary Materials: All supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/d14080647/s1. Table S1: Native American Groups and Estimated Population
per home country (accessed on 1 March 2022). Table S2: Full list of Native American population

https://www.researchrabbit.ai/
https://github.com/Iaguilaror/natam-review
https://github.com/Iaguilaror/natam-review
https://www.mdpi.com/article/10.3390/d14080647/s1
https://www.mdpi.com/article/10.3390/d14080647/s1
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genomics projects. Table S3: Full list of Native American samples in population genomics. Table S4:
Full list of Native American groups and populations (accessed on 1 March 2022). Table S5: Missing
Native American groups in population genomics (accessed on 1 March 2022). Table S6: Author-
ship information on Native American genomic projects. References [22–48] cited in the Table S1,
references [4,18,61,70–121] cited in the Table S2, references [117–121] cited in the Table S6 of the
Supplementary Materials.
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Linares) and F.C.-L. Data analysis: I.A.-O. and J.G.-L. (Josué Guzmán-Linares). Writing: I.A.-O.,
J.G.-L. (Josué Guzmán-Linares), E.M., J.B.-V., F.M.-T., A.P.-G. and J.G.-L. (José García-López). Funding:
I.A.-O. and E.M. All authors have read and agreed to the published version of the manuscript.
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